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A numerical model was developed to simulate the nanoindentation of a Ni nanodot-patterned surface
(NDPS) on a deformable Si substrate. Each contacting nanodot on the Si substrate was treated individu-
ally in this model and the interaction among the nanodots was considered through the elastic deforma-
tion of the Si substrate. The load–deformation relationship for the single-asperity contact between the
indenter tip and a nanodot was determined using ﬁnite element analysis. A nanoindentation experiment
on a Ni NDPS was performed to test the developed model. The simulation and experimental results were
found to be in good agreement. The experimentally veriﬁed model was used to explore the effects of sub-
strate deformation and surface roughness caused by the Ni nanodots on the nanoindentation behavior. It
was found that the effect of the substrate and the effect of roughness must be considered. A detailed
study of the substrate deformation shows that the interaction among nanodots, through the substrate,
can contribute a considerable portion of the total deformation under a nanodot. The yield strength of
the nanodot was found to have a signiﬁcant effect on the contact deformation, while the elastic modulus
was found to have little effect.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Nanodot-patterned surfaces (NDPSs) are surfaces covered with
an ordered array of nanodots with approximately the same size
and shape. NDPSs have recently attracted considerable attention
because they show novel physical properties that lead to poten-
tially unique applications in electronics, optoelectronics, and mag-
netic storage (Loo et al., 2002; Donthu et al., 2005; Chou et al.,
1994, 1996; Chou and Krauss, 1996; Kong et al., 1997; Juang and
Bogy, 2005). The mechanical properties of NDPSs and the associ-
ated tribological properties for potential applications in micro-
electro-mechanical systems (MEMS), however, have just started
to be explored.
Burton and Bhushan (2005) studied the adhesion and friction
performancesofnanopatternedpoly(methylmethacrylate) (PMMA)
and polyurethane acrylate surfaces and found that introducing
nanopatterns on ﬂat polymer surfaces reduces the adhesion force
and the coefﬁcient of friction between atomic force microscopy
(AFM) tips and the polymer surfaces. A recent investigation con-
ducted by Yoon et al. (2006) showed that the adhesion and frictionll rights reserved.
: +1 479 575 6982.forces were reduced by an order of magnitude on nanopatterned
PMMA compared to a surface covered with a smooth PMMA
ﬁlm due to the reduction of the real contact area. The enhanced
tribological properties in both studies revealed potential applica-
tions of NDPSs in micro-/nano-scale devices (Yoon et al., 2006).
However, these studies were conducted on polymer materials that
do not have good mechanical properties. For example, signiﬁcant
deformation of the nanodots was observed on nanodot-patterned
PMMA surfaces after micro-scale friction tests (Yoon et al., 2006).
This suggests it is desirable to make NDPSs out of materials with
stronger and stiffer mechanical properties, such as metals or
ceramics.
One advantage of using nano-sized metal particles is that they
are usually stronger than their bulk material due to their nearly de-
fect-free structure (Agraït et al., 1995). Our study of the mechanical
properties of a Ni NDPS showed that the hardness of Ni nanodots
on the NDPS is very close to the hardness of nanocrystalline Ni
and is much higher than the hardness of microcrystalline and bulk
Ni (Wang et al., 2008). The Ni NDPS also showed signiﬁcant adhe-
sion and friction reduction for potential tribological applications in
MEMS (Zou et al., 2006).
In addition to the appropriate material selection, the geometry
of the NDPSs should also be properly designed to achieve the de-
sired tribological performance, including acceptable deformation
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NDPSs must be fully understood. Modeling of the contact between
an indenter tip and a NDPS will shed light on the contact behavior
of NDPSs observed in micro-/nano-scale friction and adhesion
experiments, since they often involve indenting or sliding a spher-
ical indenter tip on the NDPSs (for example, Burton and Bhushan,
2005; Yoon et al., 2006; Wang et al., 2008; Zou et al., 2006).
This paper presents a numerical simulation of nanoindentation
of a Ni NDPS on a deformable Si substrate using spherical diamond
tips with different tip radii. The relationship between the indenta-
tion load and displacement (normal approach) is modeled and the
results are veriﬁed by nanoindentation experiments. The experi-
mentally veriﬁed simulation method may be used to study the
contact behavior of various NDPSs on a deformable substrate sub-
jected to an indentation load. Since the modeling framework is suf-
ﬁciently ﬂexible to accommodate different nanodot size and
position arrangements, it can also be applied to a surface covered
by isolated nanodots with known size and location distributions,
but not necessarily following a repetitive pattern.2. Theoretical background
The contact between a spherical diamond tip and a Ni NDPS can
be viewed as a contact between a rigid smooth sphere and a ﬂat
surface with isolated asperities forming the surface roughness. In
the contact between two rough spheres or the contact between a
sphere and a nominally ﬂat rough surface, the substrate deforma-
tion is a very important factor that affects the contact behavior.
Many researchers have studied the substrate deformation by treat-
ing the substrate as an elastic half-space. Greenwood and Tripp
(1967) developed a statistical multi-asperity contact model for
the contact between two rough spherical surfaces, where the elas-
tic deformation of the bulk was calculated from the axisymmetric
pressure over the contacted area. Mikic and Roca (1974) investi-
gated the same problem using the same treatment to the substrate
but assuming the asperities deform fully plastically. Kagami et al.
(1983) also used the same treatment to the substrate in the contact
between two rough spheres. However, in their study, they used a
mixed asperity contact theory, in which the asperities deform elas-
tically and plastically according to the magnitude of the deforma-
tion on each asperity. Bahrami et al. (2005) developed a compact
model for spherical rough contacts, which requires less complex
numerical computations than the above mentioned models. It is
noted that, in these models for the contact between two rough
spheres, since the load applied on the substrate is from the com-
pressed asperities and the substrate deformation is a part of the
displacement of the asperities, the asperity interactions through
the substrate deformation is already considered. The simulation re-
sults of these models agree well with experimental results (Green-
wood and Tripp, 1967; Greenwood et al., 1984; Bahrami et al.,
2005).
In recent years, substrate deformation has started to draw more
research attention. Sayles (1996) and Kadiric et al. (2003) devel-
oped a numerical method that can be easily applied to the contact
between a sphere and a rough ﬂat surface. Instead of using a statis-
tical approach, this method applies pressure elements on area
intervals sampled from a digitized surface. The deformation of
the substrate under each area interval, caused by the pressure ap-
plied on the surrounding area intervals, is considered in Sayles’
method. However, because pressure elements are used, instead of
the loads applied directly on the asperities, the effect of the asper-
ities, one of the most important factors in multi-asperity contact,
can not be reﬂected directly in this model. Therefore, this model
is not ideal for analyzing contact in which asperity response is cru-
cial. Zhao and Chang (2001) studied the substrate deformation andasperity interaction in a contact between two nominally ﬂat sur-
faces by applying a uniform pressure on a square ‘‘territory” of
an asperity on the substrate. However, the assumption of uniform
pressure on a square area of the substrate in this model does not
reﬂect the real situation for most contacts. Iida and Ono (2003)
used an improved Greenwood and Tripp model to study a contact
between two ﬂat surfaces. Asperity interactions are considered in
this model, however, it is assumed that the forces applied on the
substrate are point loading, which causes an inﬁnite deformation
below each asperity that has to be omitted during calculation.
Based on the original GW model, Ciavarella et al. (2006, 2008)
developed a model that considers the asperity interaction in a dis-
crete manner. In this model, a uniform pressure or uniform dis-
placement is added to the substrate to account for the effect of
asperity interaction. Yeo et al. (2009) studied the elastic deforma-
tion of the substrate for a hard coating on a soft substrate and
developed a ‘two springs in series’ concept to model the deforma-
tion of the substrate. Based on this concept, Yeo et al. (2010) mod-
eled the asperity interactions in the contact between a ﬂat punch
and a ﬂat rough surface. It was found that the established model
with asperity interactions is in good agreement with experiments,
but results of the model without asperity interaction do not match
the experimental results.
Most of the multi-asperity contact models are statistical models
(for example, Bahrami et al., 2005; Greenwood and Tripp, 1967;
Greenwood et al., 1984; Iida and Ono, 2003; Kagami et al., 1983;
Mikic and Roca, 1974, etc.). The nanoindentation of the Ni NDPS in-
volves a limited number of asperities varying from several to hun-
dreds. When the number of contacting asperities in a
nanoindentation is small and the asperity shape is similar, the sta-
tistical models may not be applicable. Therefore, a model that
treats each asperity individually is desirable to model the nanoin-
dentation of the Ni NDPS. Yeo et al. (2009, 2010) developed a mod-
el that treats each asperity individually and considers the asperity
interactions. However, this model is an elastic model and is not
suitable for modeling the nanoindentation of a Ni NDPS, in which
plastic deformation occurs readily. One important characteristic
of the nanoindentation of a Ni NDPS is that one contacting surface
is a sphere and the other has a well ordered array of asperities. Nuri
(1974) modeled a similar type of contact pair in a discrete manner
instead of using a statistical method and provided a framework to
the modeling of the nanoindentation of a Ni NDPS.
In Nuri’s work, in order to establish a theoretical model, a set of
assumptions were made: First, on the ﬂat surface, each asperity is
isolated, hemispherical, of the same radius at its top, and subjected
to a random variation on its height; Second, when contact occurs,
each asperity is assumed to deform fully plastically regardless of
the deformation; Third, the load acting at the position of each
asperity of the bulk material (considered as an elastic half-space)
is assumed to be a point loading. Based on these assumptions, Nuri
conducted contact analysis and obtained a load–approach relation-
ship for this multi-asperity contact. Nuri studied the effect of the
asperity orientation (i.e., the asperity arrangement) on the contact
and concluded that asperity orientation is an important factor that
inﬂuences the contact behavior.
Nuri’s model provides a framework to study nanoindentation
on a Ni NDPS. In this framework, each contacting nanodot can be
treated individually to allow consideration of the characteristics
of the nanodots, such as its shape, position, and material proper-
ties. However, several improvements can be made to the Nuri’s
model in order to more accurately simulate the nanoindentation
of a Ni NDPS. First, Nuri’s ﬁrst assumption is not valid in the nan-
oindentation of the Ni NDPS. The Ni nanodots on the Ni NDPS used
in this study are neither hemispheres nor of the same radius at the
top. In the current work, experimentally measured asperity shape
is used and each asperity is subjected to a variation on its height
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accurate for the asperities with small deformations. In this study,
ﬁnite element analysis (FEA) is used to model the elastic–plastic
deformation of the asperities. Third, the point loading in Nuri’s
third assumption causes an inﬁnite deformation below an asperity.
To avoid this singularity, Nuri had to exclude the deformation of
the bulk beneath an asperity that is induced by the load applied
on the asperity itself. To improve this, the current work uses dis-
tributed loading under each asperity instead of point loading to
calculate the bulk deformation. Fourth, although bulk deformation
is considered in Nuri’s model, it lacks a detailed study to show the
importance of the bulk deformation, as well as the major factors
contributing to the bulk deformation. This topic will be discussed
in the current work. Finally, ﬁfth, even though experimental data
was presented, Nuri’s model was not directly veriﬁed by the pre-
sented experimental data because the surfaces used in the model
and the experiment were of a different nature (see Nuri, 1974).
In this study, the nanodot patterns used in the simulation are gen-
erated to have the same nature of the asperity arrangement as the
Ni NDPS used in the experiment. This was achieved by using the
surface topography parameters measured from the Ni NDPS to
generate the nanodot patterns used in the simulation. The simula-
tion results were in good agreement with the experimental results.3. Present model
The numerical model for the nanoindentation of a Ni NDPS is
described in this section. After introducing the experimentally
measured Ni NDPS topography in Section 3.1, the overall structure
of the present model is presented in Section 3.2. To numerically
simulate the nanoindentation using the developed model, the
deformation of a single nanodot and the deformation of the sub-
strate must be determined for an applied load. The methods used
to determine the deformation of a single nanodot and the deforma-
tion of the substrate are described in Sections 3.3 and 3.4,
respectively.
3.1. Topography of Ni NDPS
The Ni NDPS consists of a well-ordered hexagonal array of Ni
nanodots, fabricated by thermal evaporation of Ni through a por-
ous anodic aluminum oxide (AAO) template onto a Si substrate
(Zou et al., 2006). The shape of the Ni nanodots was carefully char-
acterized using a JEOL JSM-880 scanning electron microscope
(SEM) and a Topometrix Explorer AFM. Fig. 1(a) and (b) is SEM
images of a top-down view and a 45 oblique angle view of the
Ni nanodot array, respectively. Fig. 1(c) is an AFM image of the
Ni NDPS. The procedure used for accurately determining the Ni
nanodot shape involves using both AFM line cuts and high obli-
que-angle SEM images. AFM line cuts alone are not sufﬁcient, be-
cause the AFM tip radius of curvature is about 10 nm, which is
not much smaller than the radius of curvature of the nanodot.
The procedure was described in detail elsewhere (Wang et al.,
2008). It was found that the nanodots are of conical-shape with a
spherical apex. The nanodot height, base diameter, apex radius of
curvature and dot-to-dot spacing were found to be 70 nm,
75 nm, 30 nm and 100 nm, respectively, with a nearly 10% varia-
tion for each dimension. Fig. 1(d) shows a schematic of the cross-
sectional view of a Ni nanodot based on the average nanodot
measurement values.
3.2. Overall structure of the model
The contact between a spherical diamond tip and the Ni NDPS
can be viewed as a contact between a rigid smooth sphere and aﬂat surface covered with an array of Ni nanodots. In order to model
the topography of a real Ni NDPS, the nanodots are distributed on
the ﬂat surface in a hexagonal arrangement, but the exact sizes and
positions of the nanodots are subjected to a random variation in
accordance to that observed on the real surface (they vary within
10% of the nominal size and position). The nanodots are assumed
to be of the same shape, with the radius of curvature at the top
of a nanodot proportional to the height of the nanodot. The sub-
strate below the nanodots is considered to be a deformable elastic
half-space (see Section 3.4 for justiﬁcation). Because the nanodots
do not touch one another, they do not directly interact, but the
inﬂuence of each nanodot on its neighboring nanodots is taken into
account through the deformation of the substrate.
Numerical algorithms were developed to perform the contact
analysis when the spherical indenter tip moves from a reference
plane towards the NDPS by a certain distance, x. In this study,
the reference plane was chosen to be the average height of the
nanodot peaks. A ﬂow chart of the main contact analysis algorithm
is shown in Fig. 2. In this algorithm, the radius of the spherical in-
denter tip and the generated surface topography of the Ni NDPS are
ﬁrst read in. Then the contacting nanodots are identiﬁed and the
interference for the ith contacting nanodot, xi, is calculated
according to geometry. From an initially assigned load on each
nanodot, Pi, the deformation of the ith nanodot body, ddoti, and
the deformation of the substrate below this nanodot, dsubi, can be
calculated. The ddoti is determined by a pre-calculated load–defor-
mation relationship obtained by FEA of a single-asperity contact
(this relationship is discussed in detail in Section 3.3). The dsubi is
determined using the classical elastic theory (see Section 3.4 for
details). The total displacement of each nanodot, di, is then calcu-
lated as the summation of the nanodot body deformation and
the substrate deformation:
di ¼ ddoti þ dsubi: ð1Þ
If this displacement, di, does not equal the interference, xi, a new
load distribution will be given and the displacement is calculated
again. The iteration continues until di equals xi. The new load dis-
tribution for the next iteration step is determined by adjusting
the load, Pi, on each nanodot with a value that is proportional to
the difference between di and xi. When a converged solution is
achieved, the total contact load is calculated as the summation of
the loads on each nanodot:
P ¼
XN
i¼1
Pi; ð2Þ
where N is the number of asperities that are involved in the contact.
The relationship between the contact load, P, and the interferencex
is then established.
3.3. Deformation of a single nanodot
The load–deformation relationship of the single-asperity contact
between a nanodot and an indenter tip was obtained through FEA
using ANSYS. The FEA included the nanodot, the substrate, and
the tip. The nanodot material was assumed to be elastic–perfectly
plastic, whereas the substrate deforms only elastically. The reason
for including the substrate in the FEA was to study the details of
the substrate deformation under a nanodot. The indenter tip is as-
sumed to be rigid in this work. To justify this assumption, FEA of the
single-asperity contact between a nanodot and a deformable 1 lm
radius tip was conducted and compared to the contact with a rigid
1 lm radius tip. It was found there is little difference between the
two cases (see Section 5.1 for detailed results). Fig. 3 shows a typical
mesh generated using ANSYS for a spherical tip with a radius of
1 lm. An axisymmetric 2D model was used. Quadrilateral 8-node
Fig. 1. Images of a Ni NDPS showing its topography: (a) SEM top-down view, (b) 45 oblique-angle view, (c) AFM image, (d) cross-sectional proﬁles of the nanodot on Ni
NDPS, one with dimensions, and one overlaid on a high oblique-angle SEM view.
Assumed load distribution Pi
Total deformation of each asperity δ i
Deformation of substrate 
Adjust  Pi
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δ i = ω i ?No
Interference on each asperity ω i
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Deformation of each asperity
Read topography of contacting surfaces
Overall load 
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Fig. 2. Flow chart of the contact model.
Indenter 
Nanodot 
Substrate 
Nanodot 
Fig. 3. Finite element mesh of the model. The inset is a close-up view of the mesh
on the nanodot and part of the substrate and the indenter.
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elements were used to mesh the substrate and the tip. The inset in
Fig. 3 is a close-up view of a meshed nanodot and part of the sub-
strate and the tip. The meshes are reﬁned near the contact region
between the nanodot and the tip to capture the high stress gradient.
The region of contact wasmeshed by 200 elements. For the smallest
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Fig. 4. Comparison of substrate deformation results obtained from the FEA and the
elastic theory by Johnson (1985).
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elements in contact to ensure precision in determining the contact
radius and stress. The nanodot and the substrate were assumed to
be well attached, so that the nodes along the interface between
the nanodot and the substrate were set to have the same displace-
ment. Because an axisymmetric model was used, the modeled sub-
strate shown in Fig. 3 represents a cylinder, which has a radius and
height of 1 lm. The nodes at the base and sidewall of the cylindrical
substrate were ﬁxed in all directions. From St. Venant’s Principle,
this boundary condition is valid because themodeled substrate size
is more than 25 times that of the base radius of the nanodot. If the
nodes on the current boundary is allowed to move by connecting
them to a bulkmaterial that is 6 times larger in size than the current
substrate, simulation results showed that there is marginal differ-
ence between the two cases: the contact load has less than 1% dif-
ference and the displacement at the positions of the current
boundary is less than 0.01 nm in any direction.
A 5 lm radius indenter tip and a ﬂat indenter tip were also sim-
ulated. In both cases, the model only included the part of the tip in-
side a cylindrical volume of 1 lm in height and 1 lm in radius. The
elements of the indenter tip were not allowed to have deformation
in order to simulate a rigid tip.
To simulate the single-asperity contact, a vertical displacement
of the indenter was ﬁrst given. The resulting stress, strain, and the
contact area were then computed. After a numerical solution was
obtained for the given displacement, the contact load was calcu-
lated by integrating the normal stress on the bottom of the nano-
dot. The contact radius was determined from the position of the
node on the edge of the contact area.
The current model was tested by comparing with the Hertzian
elastic solution and the FEA conducted by Jackson and Green (JG)
(2005). Comparisons were conducted involving the contact be-
tween a hemisphere and a rigid ﬂat. The hemisphere was assumed
to only deform elastically when compared with the Hertzian solu-
tion, and deform elasto-perfectly-plastically when compared with
the JG solution. It was found that on average the calculated contact
radius from the FEA in this study differed from the Hertzian solu-
tion and the JG solution by only 2.8% and 4.3%, respectively. The
average difference on contact load was 3.5% compared with the
Hertzian solution and 4.5% compared with the JG solution. There-
fore, the solutions of our FEA model in this study compares well
with the Hertzian and JG solutions.
3.4. Deformation of substrate
To determine the substrate deformation, we used the classical
elastic theory of a pressure applied to a circular region on an elastic
half-space (see Johnson, 1985). Classical elastic theory was used
because the FEA results showed that the maximum stress in the
substrate was below the yield strength of the Si substrate. For
the heaviest indentation of an interference of 35 nm, FEA showed
the maximum von Mises stress is 3.27 GPa, which is lower than
the Si yield strength of 4.3 GPa (Ruoff, 1979). Moreover, this max-
imum von Mises stress appears below the outer edge of the nano-
dot base where a sharp corner exists in the FEA model. This high
stress value is partially because of stress concentration caused by
the sharp corner, which probably does not exist in reality. Because
the thickness and the lateral dimension of the substrate are orders
of magnitude larger than the dimension of the bottom of the
nanodots, the substrate can be viewed as an elastic half-space.
Yeo et al. (2009, 2010) assumed elastic deformation of the sub-
strate in a study of a hard coating on a soft substrate. They used
Hertzian contact pressure at the asperity-substrate interface.
When nanodot interaction is considered, they found good agree-
ment between simulation and experiment results. In their study,
the asperity height to asperity top radius ratio is about 0.0003 to0.17, which means the asperities in the study are low asperity ratio
bumps. In this case, it is reasonable to assume a Hertzian contact
pressure at the asperity-substrate interface. However, the nanodot
studied in this work has a height-to-top radius ratio of 2.7. The
pressure distribution at the bottom of the nanodot is very different
from Hertzian contact pressure. Nuri (1974) and Iida and Ono
(2003) assumed point load on the substrate to calculate the sub-
strate deformation. However, this assumption may not accurately
reﬂect the real situation. In addition, the point load causes an inﬁ-
nite deformation at the position the load is applied. Both Nuri and
Iida have to omit this singularity. Therefore, these models may not
be appropriate for determining the substrate deformation in the
nanoindentation of the Ni NDPS.
From our FEA results, it was found that the nanodot-substrate
interface had a uniform normal deformation. For example, the sim-
ulation of the contact between a nanodot and a 1 lm radius inden-
ter under interference of 35 nm shows that all the points along the
interface have normal deformations around 0.94 nm with a stan-
dard deviation of 2.7%. Therefore, it is assumed that the bottom
of the nanodot has uniform normal deformation in the current
work.
The relationship between the substrate deformation at the bot-
tom of the nanodot, uy, and the total applied load, P, was given (for
a pressure applied to a circular region that causes a uniform defor-
mation of the loaded circle) in Johnson (1985) as:
uy ¼ 1 m
2
2aE
P; ð3Þ
where E and m are the elastic modulus and Poisson’s ratio of the sub-
strate, respectively, and a is the nanodot base radius. The substrate
deformation calculated using Eq. (3) is in good agreement with the
FEA results. Fig. 4 shows the load–deformation curves obtained by
Eq. (3) and the FEA. The deformation data on the FEA curve is the
average normal deformation along the nanodot-substrate interface.
The maximum difference between the two curves is 4.2%, and the
average difference is only 1.8%. Because there is little difference be-
tween results obtained from the analytical method and FEA, in the
current work, the analytical method is used to calculate the sub-
strate deformation because it is more easily incorporated into the
contact model for the nanoindentation of a NDPS.
In the case of contacts that involve multiple nanodots, the sub-
strate deformation under each nanodot consists of two parts: the
deformation caused by the load from the nanodot itself and the
deformation induced by the neighboring nanodots. Letting dij
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is induced by the jth nanodot, Johnson (1985) gives:
dij ¼
ð1 m2ÞPj=2aE ðj ¼ iÞ;
ð1 m2ÞPj  sin1ða=dijÞ=paE ðj – iÞ;
(
ð4Þ
where Pj is the load applied on the jth nanodot, and dij is the dis-
tance between the center of the ith and the jth nanodot. Assuming
the deformations follow the principle of superposition, the total
substrate deformation under the ith nanodot, dsubi can be
determined:
dsubi ¼
XN
j¼1
dij; ð5Þ
where N is the number of nanodots involved in the contact.4. Nanoindentation experimental details
Nanoindentation experiments were performed to test the
developed model. A TriboIndenter (Hysitron, Inc.), which has both
vertical force and displacement sensing capabilities, was used for
the nanoindentation testing. The vertical displacement noise ﬂoor
is 0.2 nm and the vertical force noise ﬂoor is 100 nN. The TriboInd-
enter also has an optical microscope, which allows one to locate
speciﬁc areas of interest using alignment markers on the sample
surface.
Conical diamond indenter tips with nominal tip radii of curva-
ture of 1 lm and 5 lm were used in this study. For the tests using
the 1 lm radius tip, eight indentation loads (from 10 lN to 200
lN) were chosen to induce a maximum indentation approach of
up to about 35 nm – enough to study severe plastic deformations
of the Ni nanodots. Adjacent indents were separated by at least
10 lm to avoid the inﬂuence of one indent on another. For the tests
with the 5 lm radius tip, seven loads (from 20 lN to 1000 lN)
were chosen, and the minimum spacing between indents was
20 lm. For each load, the indentation tests were repeated three
times to ensure reliable and repeatable data was collected. Align-
ment markers were fabricated on the Ni NDPS using photolithogra-
phy. These markers served as references for placing the indents for
the testing and for locating the indents for SEM and AFM character-
izations after testing.5. Results and discussion
The results of the FEA for the single-asperity contact between a
nanodot and an indenter tip are presented in Section 5.1 to estab-
lish the relationship between the deformation of a single nanodot
and the load applied on it. The simulation results of the nanoinden-
tation of a Ni NDPS using the model developed in this work are
presented in Section 5.2 and compared with experimental results
in Section 5.3. After the model is experimentally veriﬁed, it is used
to study the details of the nanoindentation of a Ni NDPS for the ef-
fect of the substrate, the effect of the roughness, and the effect of
the elastic modulus and yield strength of Ni. The corresponding re-
sults are presented in Sections 5.4, 5.5, 5.6, respectively.
5.1. Results of FEA of single-asperity contact
FEA of a contact between a Ni nanodot and a rigid diamond in-
denter of 1 lm tip radius was performed to obtain the load–defor-
mation relationship of this single-asperity contact. The material
properties used in this study are listed in Table 1. The elastic mod-
ulus and yield strength used for Ni were obtained from a previous
experimental study of the mechanical properties of a Ni NDPS(Wang et al., 2008). The yield strength of a Ni nanodot was taken
as one third of the hardness, which is 2.57 GPa.
Every combination of elastic modulus (159 or 200 GPa) and
yield strength (2.0, 2.57 or 3.0 GPa) was used for Ni in the simula-
tions. The FEA was conducted for interferences up to 35 nm. The
load–deformation relation obtained is shown in Fig. 5 in a dimen-
sionless form. The dimensionless load, P *, and the dimensionless
deformation, x*, were normalized as:
P ¼ P=Pc; and ð6Þ
x ¼ x=xc; ð7Þ
where Pc and xc are the critical load and critical interference at the
yield point for a hemispherical contact. Pc and xc are derived semi-
analytically by Jackson and Green (2005) using the von Mises yield
criterion:
Pc ¼ 43
R
E0
 2 p  C  Sy
2
 3
; ð8Þ
xc ¼ p  C  Sy2E0
 2
R; ð9Þ
where
1
E0
¼ 1 m
2
1
E1
þ 1 m
2
2
E2
; ð10Þ
1
R
¼ 1
R1
þ 1
R2
; ð11Þ
and E1, m1, R1 (E2, m2, R2) are the elastic modulus, Poisson’s ratio, and
radius of the tip (nanodot), respectively. The constant, C, is ﬁtted to
the solution by Jackson and Green (2005):
C ¼ 1:295 expð0:736mÞ: ð12Þ
In Eqs. (8), (9) and (12), Sy and m are the yield strength and Poisson’s
ratio of the material that yields ﬁrst. In this study, they are the yield
strength and Poisson’s ratio of Ni, respectively. In Fig. 5, the dimen-
sionless load P * was also normalized as P */(x*)3/2 using the load–
deformation relationship of P */(x*)3/2 = 1 for Hertzian contact
(Jackson and Green, 2005).
The effect of the nanodot size variation was also studied. Single-
asperity contact of nanodots with 0.9 and 1.1 times that of the ori-
ginal nanodot size (corresponding to nanodots of top radii of 27 nm
and 33 nm, respectively) was simulated for all combinations of
material properties shown in Table 1. Representative results for
nanodots with 0.9, 1.0 and 1.1 times that of the original nanodot
size using elastic modulus of 159 GPa and yield strength of
2.57 GPa are shown in Fig. 5. The results shown in Fig. 5 illustrate
that, using the dimensionless parameters suggested by JG, the
load–deformation curves for the contact between a rigid tip and
a nanodot with different material properties and sizes collapse to
nearly the same curve. However, there are still small differences
between each case, so the curves do not collapse to exactly the
same curve.
The dimensionless load–deformation relationship illustrated in
Fig. 5 represents the relationship between P * and x*, which are
combinations of a set of parameters. In order to discuss the dimen-
sional load and deformation of the nanodots, which are important
for determining the substrate deformation, the load–deformation
relations of selected results are plotted in Fig. 6 in a dimensional
form. It can be seen that the yield strength has a signiﬁcant effect
on the contact load–deformation relationship, while the elastic
modulus has very little effect. The reason for the small effect from
the elastic modulus is that the contact is mostly plastic and far
beyond the elastic regime. Nanodot size variation also showed
considerable effects on the contact load–deformation relationship.
Table 1
Material properties of Ni (Wang et al., 2008), diamond (Oliver and Pharr, 1992; Ruoff,
1979) and Si (Ruoff, 1979).
Elastic modulus E
(GPa)
Yield strength Sy
(GPa)
Poisson’s ratio
m
Ni 159 2.57 0.31
Diamond 1141 35 0.07
Si 179 4.3 0.25
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1 10 100 1000 10000
Dimensionless Deformation, ω *
D
im
en
sio
nl
es
s L
oa
d,
 P
*
/( ω
*
)3/
2
E=159 GPa, Sy=2.0 GPa
E=159 GPa, Sy=2.57 GPa
E=159 GPa, Sy=3.0 GPa
E=200 GPa, Sy=2.0 GPa
E=200 GPa, Sy=2.57 GPa
E=200 GPa, Sy=3.0 GPa
Nanodot size x 0.9
Nanodot size x 1.1
Fig. 5. Dimensionless contact load versus deformation for the single-asperity
contact between a Ni nanodot and a diamond indenter of 1 lm radius using
different material properties of Ni and different sizes of Ni nanodot. The results for
different nanodot sizes are calculated using E = 159 GPa and Sy = 2.57 GPa.
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Fig. 6. Results of dimensional contact load versus deformation for the single-
asperity contact between a Ni nanodot and a diamond indenter of 1 lm radius. The
results for different nanodot sizes are obtained using E = 159 GPa and Sy = 2.57 GPa.
Fig. 7. Results of average pressure to yield strength ratio for the single-asperity
contact between a Ni nanodot and a diamond indenter of 1 lm radius. The results
for different nanodot sizes are obtained using E = 159 GPa and Sy = 2.57 GPa. The
inset is the deformed shape of a nanodot under high pressure.
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strength ratio, P/(ASy), is plotted in Fig. 7, where A denotes the con-
tact area. It can be seen that the average contact pressure ﬁrst in-
creases as the dimensionless deformation increases. The maximum
average contact pressure ratio varies from 2.2 to 2.4. These results
are in agreement with the ﬁndings by Jackson and Green (2005)
that the hardness is not a ﬁxed material property that depends
only on the yield strength, but it also depends upon the elastic
modulus, Poisson’s ratio, and the deformation of the asperity.
After the average contact pressure reaches the maximum point,
it starts to decrease as the deformation increases because the con-
tact area increases more rapidly than the contact load. The same
trend was found by Jackson and Green (2005) and Mesarovic and
Fleck (2000). Fig. 7 shows the average pressure ratio decreases to
a value of about 1, which is in agreement with the theoretical pre-
diction by Jackson and Green (2005). In this study, the contactpressure eventually reduces to a value less than the yield stress
at large interferences (x*  1000). This is because, in the current
work, the base of the nanodot is connected to a bulk material so
that the base radius is more constrained than the contact radius.
At large interference, the nanodot actually deforms to an ‘‘hour-
glass shape” so that the contact area is larger than the minimum
cross-sectional area of the nanodot as shown in the inset of
Fig. 7. Therefore, the average contact pressure is smaller than the
pressure on the minimum cross-sectional area, which is limited
by the yielding of the nanodot.
In order to justify the assumption of a rigid indenter tip, we
compared the above single-asperity contact (with a rigid tip) to a
contact with a deformable tip. In the simulation of the single-
asperity contact with a deformable tip, the tip was allowed to
deform elastically and was assigned to the material properties of
diamond, shown in Table 1. The deformation of the elastic tip
was found to contribute less than 1.6% of the total deformation
when the total deformation is larger than 10 nm. The percentage
increases when the total deformation is less than 10 nm with a
maximum number of only 7.7% for the smallest simulated total
deformation (0.5 nm). The difference between the contact load ob-
tained using a rigid tip and an elastic tip is less than 0.7% when the
total deformation is larger than 10 nm, and the maximum differ-
ence is only 6.6% at the smallest simulated deformation. Thus, con-
sidering that many of the nanodots are severely deformed in the
nanoindentation of the NDPS, the tip can be assumed to be rigid.
The effects of the indenter tip radius were also studied. A rigid 1
lm radius tip, a rigid 5 lm radius tip, and a rigid ﬂat tip were sim-
ulated. The calculated contact loads at all simulated interferences
were compared for the three different indenter tips. It was found
that the load difference among the results obtained has a maxi-
mum of 2.4% and an average of 1.5%. Thus the indenter radius
has little effect on the single-asperity contact in the range consid-
ered. Therefore, in the simulation of the nanoindentation of a Ni
NDPS, the load–deformation relationship for the single-asperity
contact between a nanodot and a 5 lm radius tip was considered
the same as the load–deformation relationship between a nanodot
and a 1 lm radius tip.
5.2. Results of nanoindentation simulation
The model developed in this study is used to simulate the
indentations on a Ni NDPS. Computer programs were written fol-
lowing the previously described procedure in Section 3.2 for the
numerical modeling of nanoindentation. To mimic the nanodot
3210 H. Wang et al. / International Journal of Solids and Structures 47 (2010) 3203–3213pattern location arrangement on the Ni NDPS, the height, apex ra-
dius, base diameter, and dot-to-dot spacing of the nanodots in the
programs were subjected to a random variation of 10%, the same
variations as experimentally measured (Wang et al., 2008). The
load–deformation relationship of a nanodot was established from
the single-asperity contact analysis using FEA. Linear interpolation
was used for displacements that fall in between the FEA simulated
values. The same material properties used in the single asperity
simulation were used in the nanoindentation simulation (see Ta-
ble 1). The plane at the average height of the peaks of the nanodots
was chosen as the reference plane to determine the normal ap-
proach of the indenter tips. For a given normal approach, a contact
load was calculated. Contact was simulated for normal approach
up to 35 nm and a load–approach curve was obtained. The results
of the simulations using 1 lm and 5 lm radii indenter tips are
shown in Fig. 8. To account for possible uncertainties in real Ni
NDPS topographies, simulations were performed on ﬁve different
randomly generated NDPSs using the same set of parameters.
The simulation data in Fig. 8 are the averages of the results from
the ﬁve generated topographies, with error bars indicating the var-
iation of the simulation results.
5.3. Experimental veriﬁcation of the model
The results from the nanoindentation experiments are also plot-
ted in Fig. 8 to compare with the simulation results based on the
model described in Section 3.2. An experimental data point in
Fig. 8 represents the average of the deformations at the maximum
indentation load of three different indentations. Because the nano-
indentation loading curves at different loads almost overlap, the
load–deformation relationship in the nanoindentation experi-
ments can be well described by showing the deformation at the
peak load of each indentation curve. It can be seen from Fig. 8 that
the simulation results shows good agreement with the experimen-
tal results, indicating the validity of the multi-asperity contact
model developed in this study. The inset of Fig. 8 is an example
of the comparison between the indentation curves obtained from
the numerical simulation and representative experimental inden-
tation curves, which also shows a good agreement between simu-
lation results and experimental results. It should be noted that this
was achieved without any ﬁtting parameters.
The variations of the experimental results are indicated by the
error bars in Fig. 8. These variations exist due to the imperfections
of the nanodot array on the Ni NDPS, as shown in Fig. 1(c). First,Fig. 8. Comparison of the contact load as a function of the indentation approach
obtained from the numerical simulation and from the experiments. The inset is an
example of the comparison between the indentation curves obtained from the
numerical simulation and representative experimental indentation curves.there are variations in the nanodots’ height, apex radius, and base
diameter. Second, there are variations in the arrangement of the
nanodots position, for example, missing nanodots in the array
may exist. In addition, there may also be variations in the material
properties of the nanodots and the relative position of the indenter
tip to the nanodots array when the tip lands on the NDPS. Due to
these uncertainties, the contact situation is not exactly the same
from one indentation to another resulting in differences in the
indentation deformation at the same indentation load.5.4. Effect of substrate
The effects of the substrate on the contact behavior during the
nanoindentation of the Ni NDPS were studied using the model
developed in this work. Indentations using the 5 lm radius tip
were taken as an example to show the substrate effects. A nanoin-
dentation load–approach curve of a Ni NDPS on a rigid substrate
was also calculated and is shown in Fig. 9. It can be seen that the
predicted contact load for the rigid and deformable substrate has
a maximum difference of 74% at the 35 nm indentation approach.
Although this difference decreases as the indentation approach de-
creases, there is still a 24% difference even at a very small indenta-
tion approach of 1 nm. This large difference shows that the
substrate deformation has a large impact on the indentation
behavior of NDPSs.
In order to investigate the details of the effect of substrate, the
substrate deformation below each nanodot was investigated
numerically for the indentation made using a 5 lm radius tip at
an indentation approach of 35 nm using the model described in
Section 3.2. Simulations were performed using a substrate elastic
modulus that is half of, the same as, and two times that of the Ni
nanodot elastic modulus (79.5 GPa, 159 GPa, and 318 GPa, respec-
tively). The total displacement at each nanodot location consists of
the deformation from the nanodot body and the deformation from
the substrate below the nanodot. Fig. 10 shows the total displace-
ment at each nanodot and the deformation of the substrate under
each nanodot as a function of the distance of the nanodot from the
indentation center. It can be seen that, if the substrate is the same
material as the nanodots (E = 159 GPa), at least 20% of the total
deformation comes from the substrate for nanodots at the indenta-
tion center. This fraction increases to about 60% at the outer edge
of the contact area. If the substrate elastic modulus is half of the
elastic modulus of the nanodots, the substrate deformation con-
tributes 40–80% of the total deformation, as shown in Fig. 10. This
study shows that the substrate deformation is sensitive to the elas-
tic modulus of the substrate. Therefore, if the substrate material is0
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signiﬁcant. Yeo et al. (2010) studied the substrate deformation of
a soft substrate (E = 80 GPa) with a hard coating (E = 139.6 GPa)
when contacted with a ﬂat punch. Baseline deformations at differ-
ent contact interferences were investigated in this study. It was
shown that the baseline deformation is signiﬁcant. Although the
effects of the substrate elastic modulus on substrate deformation
were not studied, because the substrate is much less stiff than
the coating, it still can be concluded that the substrate effect is sig-
niﬁcant when the substrate is soft.
The portion of substrate deformation in the total deformation is
smaller near the center because the nanodots were more severely
squeezed in this area; therefore, the deformation of the nanodot
body takes a larger portion of the total deformation. At the edge
of the contact area, the substrate effect is very signiﬁcant. This is
because even though the load on each nanodot was very low, the
substrate still deforms considerably due to the cumulative effects
from the neighboring nanodots.
The large variation of the total deformation shown in Fig. 10 is
due to the variations in the height, top radius, and position of the
nanodots, as well as the relative position of the tip to the nanodot
array. These variations were intentionally introduced in the simu-
lation to mimic the real surface topography of the Ni NDPS.5.5. Effect of roughness
For the Ni NDPS, the array of nanodots forms the ‘‘roughness”
on the NDPS. According to many earlier studies, the effect of rough-
ness disappears at high load and the contact between a spherical
indenter tip and a rough surface approaches Hertzian contact.
Therefore, whether the nanoindentation of the Ni NDPS at high
loads approaches Hertzian contact needs to be investigated. The
model described in Section 3.2 was used to study the effects of
the roughness on the nanoindentation of the Ni NDPS.
Greenwood et al. (1984) suggested a non-dimensional parame-
ter a ¼ rR=a20 (where r is the roughness of a surface, R and a0 are
the effective asperity radius and contact radius if the contact is as-
sumed to be Hertzian contact) to evaluate the roughness effect.
When a approaches zero, the contact approaches Hertzian contact
between two smooth surfaces. The authors concluded that the dif-
ference between rough contact and Hertzian contact is less than 7%
when a is less than 0.05. However, in the nanoindentation of Ni
NDPSs, a is at least an order of magnitude larger than 0.05. For
example, the minimum value of a is 0.86 for the heaviest indenta-
tion at the approach of 35 nm and a increases rapidly when the
indentation becomes lighter (for indentation of 20 nm and 5 nm,a equals 1.5 and 6.0, respectively). Therefore, the effect of rough-
ness can not be neglected during the nanoindentation of Ni NDPSs.
If the roughness caused by the Ni nanodots is neglected, the
contact between the tip and the Ni NDPS becomes a Hertzian
contact between the tip and the Si substrate. Fig. 9 shows a
load–approach curve of the contact between a 5 lm diamond tip
and the Si substrate calculated from the Hertzian solution. It can
be seen that, when the indentation approach is larger than 5 nm,
the contact load in the Hertzian solution is more than 3 times
the load calculated by the current model. Therefore, the effects of
roughness on the nanoindentation of the Ni NDPS are signiﬁcant
such that the nanoindentation can not be considered as a Hertzian
contact between the diamond indenter tip and the Si substrate.5.6. Effects of elastic modulus and yield strength of Ni
The model described in Section 3.2 was used to study the effects
of elastic modulus and yield strength of Ni on the nanoindentation
load–approach relationship. Simulations were performed for an
elastic modulus of 159 and 200 GPa and yield strengths of 2.0,
2.57, and 3.0 GPa, respectively. The results are shown in Fig. 11.
For each yield strength, the simulated indentation curves for an
elastic modulus of 159 GPa overlap the curves for an elastic mod-
ulus of 200 GPa, indicating that the elastic modulus has little effect
on the indentation load–approach relationship. In contrast to this,
Fig. 11 also shows that a variation in yield strength has a large ef-
fect on the indentation load–approach relationship. Again, this is
because severe plastic deformation occurs on many Ni nanodots
even at very small indentation approach. Clearly, the yield strength
of Ni plays a more important role in the contact of the NDPS than
the elastic modulus does.6. Conclusions
A numerical model was developed to simulate the nanoindenta-
tion of a Ni NDPS on a deformable Si substrate using diamond in-
denter tips with radii of 1 lm and 5 lm. Nanoindentation
experiments were conducted to verify the developed model. The
simulation and experimental results are in good agreement. Since
the modeling framework is sufﬁciently ﬂexible to accommodate
different nanodot size and position arrangement, it can also be ap-
plied to a surface covered by isolated nanodots with known size
and location distributions, but not necessarily following a repeti-
tive pattern.
3212 H. Wang et al. / International Journal of Solids and Structures 47 (2010) 3203–3213The developed model was used to study the nanoindentation on
the Ni NDPS. It was found that both the effect of the substrate and
the effect of the roughness must be considered in the nanoinden-
tation. The substrate deformation was found to have a signiﬁcant
impact on the contact behavior, especially when the substrate
material is less stiff than the nanodots. The study of the substrate
deformation under each nanodot shows that the interaction among
asperities through substrate deformation is important. The sub-
strate deformation under a nanodot caused by the neighboring
nanodots can be a considerable portion of the total deformation
at a nanodot.
The yield strength of the Ni nanodot has a signiﬁcant effect on
the load–approach relationship of the nanoindentation. However,
the elastic modulus, within the range considered, has very little ef-
fect on the nanoindentation because the nano-scale contacts are
usually far beyond the elastic regime.
In addition, this work shows that for some cases continuum
based contact models can be used for even nano-scale contacts.Acknowledgments
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